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-To sustain cardiac muscle contractility relatively independent of temperature, some fish species are capable of temporarily altering excitationcontraction coupling processes to meet the demands of their environment. The Pacific bluefin tuna, Thunnus orientalis, is a partially endothermic fish that inhabits a wide range of thermal niches. The present study examined the effects of temperature and thermal acclimation on sarcolemmal K ϩ currents and their role in action potential (AP) generation in bluefin tuna cardiomyocytes. Atrial and ventricular myocytes were enzymatically isolated from cold (14°C)-and warm (24°C)-acclimated bluefin tuna. APs and current-voltage relations of K ϩ channels were measured using the whole cell current and voltage clamp techniques, respectively. Data were collected either at the cardiomyocytes' respective acclimation temperature of 14 or 24°C or at a common test temperature of 19°C (to reveal the effects of acclimation). AP duration (APD) was prolonged in cold-acclimated (CA) cardiomyocytes tested at 14°C compared with 19°C and in warm-acclimated (WA) cardiomyocytes tested at 19°C compared with 24°C. This effect was mirrored by a decrease in the density of the delayed-rectifier current (I Kr), whereas the density of the background inward-rectifier current (I K1) was unchanged. When CA and WA cardiomyocytes were tested at a common temperature of 19°C, no significant effects of temperature acclimation on AP shape or duration were observed, whereas I Kr density was markedly increased in CA cardiomyocytes. I K1 density was unaffected in CA ventricular myocytes but was significantly reduced in CA atrial myocytes, resulting in a depolarization of atrial resting membrane potential. Our results indicate the bluefin AP is relatively short compared with other teleosts, which may allow the bluefin heart to function at cold temperatures without the necessity for thermal compensation of APD. thermal acclimation; bluefin tuna; cardiac; potassium ion channels; action potential THE PACIFIC BLUEFIN TUNA, Thunnus orientalis, is a highly migratory species, inhabiting a wide range of thermal niches, both horizontally and vertically (12) . After spending their first year near the warm spawning grounds off the coast of Southern Japan, some juvenile bluefin migrate 6,000 nautical miles to the Eastern Pacific where they remain for a period of two to five years (3, 23) . During this time, they embark on seasonal foraging migrations, moving from southern waters [sea surface temperatures (SSTs), 11-24°C] off the Baja Peninsula to the colder waters (10 -14°C) of Central California (17) . Vertical migrations of juvenile Pacific bluefin tuna have also been documented, and archival tagging studies indicate juvenile bluefin predominantly forage at depths between 50 and 250 m (SST 18 -20°C) but occasionally make dives in excess of 500 m, thereby encountering temperatures as low as 4°C (15, 16) .
To support extensive migrations through large thermal gradients, bluefin tunas (T. maccoyii, T. thynnus, T. orientalis) have evolved a suite of morphological, biochemical, and physiological specializations (for a review, see Ref. 6) . Most notably, bluefin tunas possess countercurrent heat exchangers in the brain, eyes, slow-oxidative swimming muscles, and viscera, which maintain thermal excess in these tissues from ϳ1.8 to 21°C above ambient water temperatures (6, 9, 17, 19) . However, the heart of the bluefin tuna is placed upstream of the countercurrent heat exchangers and additionally receives cold coronary blood directly from the gills (7, 8) . This morphological arrangement places a unique burden on the bluefin tuna, since their heart must be able to function over a broad thermal range (4 -24°C) while delivering blood to warm tissues that demand high cardiac outputs. In situ heart preparations indicate that cold temperatures reduce cardiac performance in bluefin tuna via a cold-induced bradycardia (5) . However, when compared with other tuna species and sister taxa studied thus far, the bluefin heart is able to tolerate much colder temperatures and maintain higher heart rates and cardiac outputs over a broader thermal range (6) .
To maintain physiological status relatively independent of temperature, many freshwater fish species are capable of temporarily altering their physiological and biochemical processes to meet the demands of their changing environment. Such thermal plasticity is especially important in the heart to maintain contractility and to avoid disturbances in electrical excitability. For example, cold acclimation can induce ventricular hypertrophy (11, 14, 25) (which is hypothesized to counteract increases in blood viscosity), enhance intracellular Ca 2ϩ cycling through the sarcoplasmic reticulum (SR) (1, 24) , and modify K ϩ channel current density and action potential duration (APD) (2, 13, 26) . Haverinen and Vornanen (13) have elucidated many of these processes in freshwater fish, but less is known about thermal acclimation processes in large pelagic predators, such as the bluefin tuna. Recent studies have indicated that acclimation to the cold increases the activity of the bluefin SR Ca 2ϩ -ATPase (18), thereby enhancing SR Ca 2ϩ cycling. However, the short-and long-term effects of temperature on excitability and action potential (AP) characteristics
have not yet been characterized. The cardiac AP initiates excitation-contraction (E-C) coupling and influences ion channels and transporters that regulate contraction and relaxation (4) . The shape and duration of the AP is highly temperature sensitive (4) and appears to play an important role in thermal acclimation of freshwater teleost cardiomyocytes (13) . Cold acclimation shortens the duration of the freshwater teleost AP, which decreases cardiac refractori-ness and permits higher heart rates at cold temperatures (13) . The mechanistic explanation for this phenomenon is a remodeling of the density and/or activity of sarcolemmal K ϩ channels that are involved in AP generation (26) . In teleost cardiomyocytes, the two major K ϩ channel currents are the background inward rectifier (I K1 ) and the delayed inward rectifier (I Kr ) (26) . I K1 is responsible for setting the resting membrane potential (V m ) and the rate of AP repolarization while I Kr plays a major role in regulating APD. In cold-acclimated (CA) teleost cardiomyocytes, I Kr density is increased significantly, and I K1 is reduced, which contributes to the cold-induced reduction in APD and maintains excitability (13, 20, 26) . The presence and magnitude of this response in freshwater fish appears to be species-specific, being greatest in eurythermal active species (13) .
Given the thermal challenges and cardiac anatomy of bluefin tuna, it is likely that compensatory mechanisms to maintain excitability exist in the bluefin heart, thereby allowing them to exploit cold waters while maintaining a warm body temperature. Therefore, the present study investigates the effect of thermal acclimation on K ϩ channel current density as well as AP shape and duration in isolated cardiomyocytes from the Pacific bluefin tuna. We hypothesized that tuna cardiomyocytes acclimated to the cold would have a significantly shorter APD that would be associated with alterations in K ϩ channel current density. 3 circular tanks at 20°C seawater. The temperature of the tank was then increased over a period of 1 wk to a final temperature of 24°C. CA tuna were transported in 14°C seawater and held at the same temperature in identical tanks (109 m 3 ) to those used for WA fish. Fish were acclimated for at least 4 wk and up to 8 wk at constant temperature under a 12:12-h light-dark photoperiod. During the acclimation period, all fish appeared healthy and were fed a diet of sardines enriched with gelatin three times per week, as previously described (10) .
MATERIALS AND METHODS

Fish
Cardiomyocyte isolation. Atrial and ventricular myocytes from bluefin tuna were isolated as previously described (21) . Briefly, fish were stunned with a blow to the head and killed by pithing. To assess the effect of acclimation on whole heart size (atria, ventricle, and bulbus arteriosus intact), the heart (mean mass, 40.9 Ϯ 3.9 g, n ϭ 10) was quickly excised and weighed before perfusion and expressed as a percentage of body mass (see RESULTS). Hearts were then retrogradely perfused with isolating solution from a height of 50 cm for 20 min. The coronary artery was cannulated with PE-50 tubing and perfused with a 60-ml syringe containing isolation solution to clear blood from the arteries and compact myocardial tissue. Proteolytic enzymes were then added to the isolating solution, and retrograde luminal perfusion was continued for 35-40 min (depending on heart size). After enzymatic treatment, the atrium and ventricle were placed in separate dishes containing fresh isolation solution. Tissues were cut into small pieces with scissors and then triturated through the opening of a Pasteur pipette to free individual cardiomyocytes. Cells were stored in fresh isolating solution for up to 8 h at the temperature corresponding to their acclimation (either 14 or 24°C).
Solutions. The isolation solution contained (in mmol): 100 NaCl, 10 KCl, 1.2 KH 2PO4, 4 MgSO4, 50 taurine, 20 glucose, and 10 HEPES, adjusted to pH 6.9 via KOH. For enzymatic digestion, 0.75 mg/ml collagenase (type 1A), 0.25 mg/ml trypsin (type IX), and 0.75 mg/ml fatty acid-BSA were added to the isolation solution. The extracellular solution perfusing the cardiomyocytes contained (in mmol) 150 NaCl, 5.4 KCl, 1.5 MgCl 2, 3.2 CaCl2, 10 glucose, and 10 HEPES, pH adjusted to 7.7 via NaOH. For K ϩ channel measurements, the pipette solution contained (in mmol) 140 KCl, 5 MgATP, 5 EGTA, 1 MgCl 2, and 10 HEPES. The pH was adjusted to 7.2 with KOH. For AP measurements, the pipette solution contained (in mmol) 140 KCl, 5 MgATP, 0.025 EGTA, 1 MgCl 2, and 10 HEPES. The pH was adjusted to 7.2 with KOH. With the exception of tetrodotoxin (TTX; purchased from Tocris), all drugs were purchased from Sigma Aldrich.
Experimental procedures. An aliquot of cardiomyocytes was placed in a recording chamber (RC-24; Warner Instruments) and superfused with extracellular solution at room temperature. Experiments were performed using a Warner Instruments patch-clamp amplifier, PC-505B, and a 202B headstage. Pipettes had a resistance of 2.7 Ϯ 0.2 M⍀ when filled with pipette solution. Junction potentials were zeroed before seal formation. Pipette capacitance was compensated after formation of a gigaohm seal. The patch was ruptured by delivering a short voltage pulse (zap) to the cell. Mean series resistance was 10.1 Ϯ 0.5 M⍀. To estimate cardiomyocyte surface area, total membrane capacitance (C m) was recorded in each cardiomyocyte tested. Cm was measured using the calibrated capacity compensation circuit of the Warner Instruments amplifier. Signals were low-pass filtered using the four-pole lowpass Besseal filter on the Warner Instruments PC-505B amplifier at a frequency of 2 kHz and were then analyzed off-line using pClamp 9.0 software (Axon Instruments).
Once electrical access to the cell was accomplished, a temperaturecontrolled rapid-solution changing device (SC-20 in-line heater/cooler; Warner Instruments) was advanced in the recording chamber and positioned immediately adjacent to the cell. The solution changer perfused cardiomyocytes with extracellular solution at a temperature that was controlled by a CL-100 bipolar temperature controller (Warner Instruments). Temperatures were monitored with a thermocouple no more than 1 mm from the solution changer at the beginning of each experiment. Data were collected at three different temperatures; the cardiomyocytes' respective acclimation temperature of 14 or 24°C, and at a common test temperature of 19°C. To keep protocols short and to avoid variability, each cardiomyocyte was tested at one temperature only (either its acclimation temperature or 19°C). Differences between parameters in CA and WA cardiomyocytes tested at 19°C can be ascribed to and will be referred to as the effects of acclimation. Differences between CA cardiomyocytes tested at 14 and 19°C or WA cardiomyocytes tested at 19 and 24°C can be ascribed to and will be referred to as the effects of acute temperature exposure.
AP and K ϩ channel recordings. APs from isolated cardiomyocytes were recorded in current-clamp mode of the Warner patch-clamp amplifier. APs were elicited by 2-ms depolarizing voltage pulses (0.1-0.7 mV). K ϩ channel recordings were obtained by adaptation of protocols previously designed by Vornanen and colleagues (13, 26) . IKr and IK1 were isolated via pharmacological inhibition. To inhibit Na ϩ , Ca 2ϩ , and ATP-sensitive K ϩ channels, the extracellular bathing medium always contained TTX (0.5 M), nifedipine (10 M), and glibenclamide (10 M), respectively (13) .
In preliminary experiments, the voltages eliciting maximum IKr tail currents were assessed for both cardiomyocyte types at each temperature by a depolarizing 4-s prepulse from Ϫ80 to ϩ60 mV followed by a 3-sec test pulse between Ϫ100 and ϩ40 mV. Similar to results obtained from Ref. 13 , the maximum IKr tail current occurred at Ϫ20 mV in both cardiomyocyte types and acclimation temperatures (data not shown). Therefore, when measuring the current-voltage relationship for I Kr, Ϫ20 mV was applied as the test pulse voltage.
The current-voltage relationship for IKr was measured as the tail current at Ϫ20 mV following a series of prepulses between Ϫ80 and ϩ80 mV in the absence and presence of the specific I Kr inhibitor, E-4031 (2 M). IKr was measured as an E-4031-sensitive current. Following blockade of IKr, IK1 was measured by repolarizing voltage ramps (1 s) from 30 to Ϫ120 mV with 5-s intervals, in the presence and absence of BaCl 2 (0.5 mM). IK1 was then determined as the Ba 2ϩ -sensitive difference current.
Calculations and statistical analysis. AP rate of rise was calculated as ⌬V m (mV)/⌬t (ms) where t is time. Temperature coefficients (Q10 values) for acute temperature changes were calculated for AP parameters and peak I Kr current density. In the case of APD, the integral of 50 and 90% repolarization of the AP was used to calculate Q10 values. Statistical analysis was performed to assess differences between cardiomyocyte type, acclimation temperature, and test temperature. Differences in AP characteristics and the effects of acclimation at a common test temperature on I Kr and IK1 density were assessed with a Student's t-test (P Ͻ 0.05). The effect of test temperature on IKr and IK1 density was determined by a one-way ANOVA, with a Student-Newman-Keul's post hoc test to identify all pairwise differences (P Ͻ 0.05). Mean data presented in Figs. 1, 3, and 5 have n values of five animals for CA data and five animals for WA data. Cell n values are given in the legends for Figs. 1-5.
RESULTS
Effect of acclimation on whole heart and cardiomyocyte size. While no significant differences in C m were observed between CA (43.9 Ϯ 2.3 pF) and WA (49.4 Ϯ 2.7 pF) atrial myocytes, CA ventricular myocytes had a significantly larger C m (54.0 Ϯ 3.3 pF) than WA ventricular myocytes (35 Ϯ 1.8 pF), indicating a cold-induced hypertrophy of the ventricle. However, no significant differences were observed between the percentage of whole heart weight to body mass in CA (0.37 Ϯ 0.02%) and WA (0.37 Ϯ 0.01%) fish. Measurements of whole heart weight were made immediately after the heart was excised from the animal. Therefore, residual blood left in the cardiac chambers may have affected measurements, thereby masking any subtle differences in weight between CA and WA hearts.
AP characteristics. Similar to freshwater teleosts [rainbow trout (Oncorhynhus mykiss), burbot (Lota lota), pike (Esox lucius), crucian carp (Carassius carassius), roach (Rutilus rutilus), and perch (Perca fluviatilis) (13) ], APD at 50% repolarization was significantly shorter in atrial vs. ventricular myocytes at any given temperature or thermal acclimation (P Ͻ 0.01) (Fig. 1) . Compared with ventricular myocytes, CA atrial myocytes had a less negative resting V m when tested at 14 and 19°C (P Ͻ 0.03) (Fig. 1, B and C) . All other calculated parameters were similar between atrial and ventricular APs.
With the exception of V m , which was less negative in CA (Ϫ58.1 Ϯ 3.9 mV) compared with WA (Ϫ70.7 Ϯ 1.1 mV) atrial myocytes, no significant differences in AP characteristics in either myocyte type were observed between acclimation groups tested at a common temperature of 19°C (Fig. 1) . However, acute temperature exposure significantly affected APD in both atrial and ventricular myocytes. APD at 50 and 90% of repolarization was significantly longer in CA cardiomyocytes tested at 14°C compared with 19°C and in WA cardiomyocytes tested at 19°C compared with 24°C (Fig. 1) . The rate of rise of AP was significantly lower in CA ventricular myocytes tested at 14°C when compared with 19°C (Fig. 1B) , while this parameter remained unchanged in all other groups (Fig. 1, B and C) .
Although atrial Q10 values were similar (2.2-3.2) across all temperature gradients and parameters (Fig. 1C) , the Q10 values for APD 50% and APD 90% in CA ventricular myocytes were considerably higher than those found in WA ventricular myocytes (Fig. 1B) . This may imply that cold acclimation leads to an increase in the temperature sensitivity of APD in ventricular myocytes. However, this conclusion assumes the Q10 of APD in CA and WA ventricular myocytes remains constant over the temperature range of 14 to 24°C. Because we did not measure parameters from CA myocytes at 24°C, or WA myocytes at 14°C, we cannot make a conclusive statement regarding the effects of acclimation on Q10 and temperature sensitivity.
I Kr and I K1 densities. In both cardiomyocyte types, a series of prepulses between Ϫ80 and ϩ80 mV followed by a test pulse at Ϫ20 mV led to an E-4031-sensitive outward I Kr tail current at voltages Ͼ0 mV (Fig. 2) . In most freshwater teleosts (13) , I Kr density is significantly higher in atrial vs. ventricular myocytes. In general, this was also the case in bluefin cardiomyocytes, but the effect was only statistically significant in CA cardiomyocytes tested at 14°C and WA cardiomyocytes tested at 24°C (Fig. 3) . Cold acclimation had significant effects on I Kr density in both cardiomyocyte types, with I Kr density being significantly higher in CA compared with WA cardiomyocytes when tested at a common temperature of 19°C (Fig. 3, C and  F) . Furthermore, in CA cardiomyocytes, peak I Kr density was significantly smaller at 14°C compared with 19°C (Fig. 3, A, C , D, and F), and, in WA atrial myocytes, I Kr density was smaller at 19°C compared with 24°C (Fig. 3, E and F) .
In the presence of E-4031, a repolarizing voltage ramp (1 s) from 30 to Ϫ120 mV led to an inward current at voltages negative to Ϫ80 mV, and a physiologically relevant outward current between Ϫ80 and 0 mV (Figs. 4 and 5) . Both of these currents were inhibited with BaCl 2 , confirming their identity as the background inward rectifier. In contrast to I Kr , I K1 outward density was greater in ventricular myocytes compared with atrial myocytes, regardless of temperature or acclimation group (Fig. 5) . In ventricular myocytes, thermal acclimation and acute temperature exposure had no effect on I K1 density ( Fig.   Fig. 2 . Representative current trace and voltage protocol from a bluefin tuna atrial myocyte showing current-voltage relationship of the delayed-inward rectifier (IKr). IKr was measured as the tail current at Ϫ20 mV following a series of prepulses between Ϫ80 and ϩ80 mV (A) in the absence (B) and presence (C) of the specific IKr inhibitor E-4031 at 2 M. IKr was then calculated as the E-4031-sensitive current.
5, A-C).
In atrial myocytes, cold acclimation led to a significant reduction in outward I K1 (Fig. 5F ), whereas acute temperature exposure had no effect (Fig. 5, D and E) .
DISCUSSION
The present study is the first to mechanistically address the temperature-induced alterations in cardiac excitability of tuna, with a focus on APD and the associated K ϩ channel current densities. Given that the bluefin tuna is a highly eurythermal species with a broad thermal niche, and is actively moving over a large range of temperatures daily (based on vertical diving behaviors recorded on archival tags), we hypothesized that Pacific bluefin tuna CA cardiomyocytes would have shorter duration APs brought about by alterations in K ϩ channel current densities. Surprisingly, APD in ventricular and atrial bluefin tuna myocytes was unaffected by cold acclimation. This occurs despite cold acclimation increasing I Kr density, a finding that is thought to decrease APD. The physiological significance of these findings is discussed below.
Effect of thermal acclimation on AP characteristics and K ϩ channel current density. A shortening of cardiac APD in CA fish (positive thermal compensation) is hypothesized to improve refractoriness of the heart, thereby permitting higher heart rates at cold temperatures (13, 26) . A recent comprehensive study on the effects of cold acclimation on APD in ventricular and atrial myocytes from the rainbow trout, burbot, pike, crucian carp, roach, and perch found positive thermal compensation in every species except perch atrium (13) . In all species, changes in APD were primarily ascribed to alterations in I Kr density. These findings suggest cold-induced shortening of APD via I Kr modification is a common characteristic of the freshwater teleost heart. Our results suggest that tunas may differ from freshwater fish in this regard, since APD was unaffected by thermal acclimation. The lack of thermal compensation of APD in bluefin tuna cardiomyocytes may be related to the inherent speed of their AP. In the perch atrium, cold acclimation leads to a substantial increase in intrinsic heart rate, whereas APD is unchanged (13) . This suggests that the CA perch atrium is not limited by refractoriness. Haverinen and Vornanen (13) suggest the relatively short APD of perch cardiomyocytes is sufficient to avoid restitution issues, making thermal compensation of APD unnecessary. The effect of acclimation on intrinsic heart rate of bluefin tuna was not measured in our study, and has never been reported, but if cold acclimation leads to a quickening of heart rate, as with other teleosts (13), then our results suggest that bluefin APD may be short enough to avoid restitution issues, similar to the perch. In fact, bluefin ventricular APD at 90% repolarization (24°C acclimated, tested at 19°C) is ϳ100 -400 ms shorter than that of the pike, perch, roach, crucian carp, and burbot (18°C acclimated, tested at 18°C) and can be related to a high bluefin ventricular I Kr density, which is two to three times that of other teleosts at comparable temperatures (13) . Blank et al. (5) found the intrinsic heart rate of Pacific bluefin tuna acclimated to 20°C to range from 16 min Ϫ1 at 2°C to 100 min Ϫ1 at 25°C. To avoid restitution issues, these heart rates require the time between APs to be Ͻ3.75 s (at 2°C) and 0.6 s (at 25°C). These values are much longer than the APD measured in the present study (ranging between 0.77 s at 14°C and 0.24 s at 24°C in ventricular myocytes), suggesting that bluefin ventricular APD will not limit intrinsic heart rate over the range of temperatures frequented by the fish.
Although our results suggest thermal compensation of APD may not be necessary, and may not occur in CA bluefin, it must be noted that fish used in the present study were caught from different locations, at different times of year and after different periods of captivity in the pens or aboard the fishing vessel. This experimental design was chosen to investigate the animals under the conditions they would normally experience in the wild at that time of year. Nevertheless, we cannot exclude the possibility that any similarities or differences observed between WA and CA animals could be due to other factors such as capture location, nutritional status, or exercise level. These factors should be addressed in future studies.
The mechanistic explanation of the effects of acclimation on APD is not clear. Similar to all freshwater teleosts studied (13) , an increase in I Kr density was observed in CA bluefin tuna atrial and ventricular myocytes, suggesting this response is ubiquitous in the teleost heart in response to the cold. However, an increase in I Kr density without a reduction in APD seems counterintuitive. A possible explanation for this disparity is the limitation associated with using the current clamp technique to measure APs. In particular, leakage current flowing between the cell membrane and the pipette can have significant effects on V m and APD, which can make it difficult to identify subtle differences between thermal acclimation groups. Similar measurements of APD using intracellular microelectrodes on multicellular cardiac preparations may be necessary to substantiate our results.
Alternatively, temperature acclimation may modify other ion currents that would negate the effects of an increased I Kr density on APD. In atrial bluefin myocytes, cold acclimation led to a reduction in I K1 density, which has previously been observed in the rainbow trout (26) . Although I K1 is primarily involved in setting V m , it is activated in the later phase of the AP plateau, and therefore affects the rate of repolarization which can influence APD (27) . Thus the reduction in I K1 density in CA bluefin atrial myocytes may have opposed the increase in I Kr , resulting in an unchanged APD.
In CA bluefin ventricular myocytes, however, I Kr density increased, and APD remained constant while I K1 density was unaffected by thermal acclimation. This suggests other unidentified ion currents are opposing the cold-induced increase in I Kr . These currents could take the form of inward currents, which are decreased at cold acclimations, such as the L-type Ca 2ϩ channel current, the Na ϩ /Ca 2ϩ exchanger (NCX) current, or other outward K ϩ currents, such as the slow delayedrectifier K ϩ channel or the transient outward K ϩ current (4). Future studies should be directed at elucidating the role of these channels and transporters in bluefin tuna cardiomyocytes, and the effect of thermal acclimation on channel density and activity.
Although I K1 may have been involved in the observed changes in APD in atrial myocytes, it is primarily involved in setting resting V m . Indeed, the reduction in I K1 in CA atrial myocytes led to a significant depolarization of V m . This effect has been observed previously in trout cardiomyocytes and may be involved in maintaining excitability of the cardiomyocyte membrane in the cold (26) . By depolarizing the membrane, V m is moved closer to the threshold for AP generation, which means less inward Na ϩ current is necessary to overcome the outward I K1 and trigger an AP (26) . This will essentially increase excitability under cold conditions.
Effect of acute temperature change on AP characteristics and K ϩ channel current densities. In addition to long-term changes in ambient temperatures experienced through latitudinal migrations, Pacific bluefin tuna make daily excursions in cooler depths to forage. Such movements may involve a change of 10 -15°C in Ͻ10 min as fish go from warm surface waters through the mixed layer and below the thermocline to forage at deeper depths.
The acute effects of temperature on APD and K ϩ channel density in the present study are consistent with data obtained from other teleosts (20) . Similar to other teleosts, APDs were longer in CA cardiomyocytes tested at 14°C compared with 19°C and in WA cardiomyocytes tested at 19°C compared with 24°C. These alterations were supported by a reduction in I Kr density, while I K1 remained constant. Although lengthening of APD may compromise restitution, it also prolongs the AP plateau phase, which should increase Ca 2ϩ entry to the cardiomyocyte, either directly through voltage-gated L-type Ca 2ϩ channels and the NCX, or indirectly through Ca 2ϩ -induced Ca 2ϩ release from the SR (22) . Thus cold-induced prolongation of the AP provides a means to enhance cardiomyocyte Ca 2ϩ cycling, and therefore contractility, during acute cold stress. This protective mechanism suggests that diffusionrelated processes may be critical in the cold. Indeed, in situ heart preparations from the bluefin tuna demonstrate a coldinduced bradycardia that significantly decreases cardiac output (5) . Thus a prolongation of APD may enhance the duration available for Ca 2ϩ uptake in cold bluefin cardiomyocytes and is likely to be an important protective mechanism to avoid short-term disturbances in contractile force. This result indicates that a shortening of APD in CA cardiomyocytes may be disadvantageous in fish species that routinely dive into cold waters, since the protective effect that acute reductions in temperature have on Ca 2ϩ uptake may be reduced. This may be another reason why bluefin tuna APD is not affected by thermal acclimation.
Perspectives and Significance
Increased knowledge and understanding of the thermal physiology of the Pacific bluefin tuna provides valuable information that may be ecologically and even commercially relevant, especially given a changing ocean environment. This paper indicates excitability in the bluefin heart is maintained during exposures to variable temperatures by relatively short APs that inherently protect the heart against restitution without the necessity for thermal acclimation. Our data support the hypothesis that the Pacific bluefin tuna has fast cardiac kinetics that may preadapt the bluefin for cold tolerance when diving and encountering rapid temperature changes. Indeed, other E-C coupling processes in bluefin tuna cardiomyocytes appear to be inherently cold-adapted (18) . Nevertheless, additional E-C coupling pathways, such as the L-type Ca 2ϩ channel or the NCX, may be targets for thermal compensation and should be investigated in future studies.
